We cloned the pS1K1 plasmid in the process of apparently "complementing" a circadian clock mutant of cyanobacterium Synechococcus sp. strain PCC 7942, SP22, which has a 22-h period (T. Kondo, N. F. Tsinoremas, S. S. Golden, C. H. Johnson, S. Kutsuna, and M. Ishiura, Science 266:1233-1236, 1994). Sequence analysis revealed that SP22 did not have a mutation in the genomic DNA segment carried on pS1K1, and the sp22 mutation was later found in a recently cloned new clock gene, kaiC. Therefore, the period-extender gene pex that was carried on pS1K1 was a suppressor gene for the sp22 mutation. The pex gene encoded a protein of 148 amino acid residues. No meaningful homologs were found in DNA or protein databases including the Synechocystis genome database. The pex gene was transcribed from 129 and 164 bp upstream of the translation initiation codon as 0.6-kb transcripts. The Pex protein was detected as a fusion protein with a molecular mass of 15 kDa by the epitope tag fusion method using a c-Myc epitope tag. Disruption of the pex gene in wild-type cells shortened the period of the rhythms by 1 h, although it did not affect other properties of the rhythms, whereas its overexpression extended the period by 3 h with a concomitant reduction in the amplitude of the rhythms. In various clock mutants examined, overexpression caused arrhythmicity. Thus, Pex is likely to function as a modifier of the circadian clock in Synechococcus.
Circadian rhythms, biological oscillations with a period of about 24 h, are found ubiquitously in organisms from cyanobacteria to humans and are thought to be an adaptation to daily changes in environmental conditions on Earth, such as light and temperature (2) . Circadian rhythms persist even in constant conditions. Thus, an endogenous mechanism called a circadian clock that generates the rhythms has been postulated, although the mechanism of this clock remains to be solved. To analyze the molecular mechanism for the circadian clock, clock genes and clock-related genes have been cloned from various organisms: the mouse Clock gene (13) , the fruit fly Drosophila period (11, 24) and timeless genes (7, 21) , the fungus Neurospora frequency (18) , white collar-1, and white collar-2 genes (5), and the cyanobacterium Synechococcus kaiA, kaiB, and kaiC genes (9) .
To monitor the circadian clock by using a bacterial luciferase luxAB gene set as a reporter, we introduced psbAI reporter construct P psbAI ::luxAB, which is a Synechococcus psbAI promoter segment fused to a promoterless segment of the luxAB gene set, into the cyanobacterium Synechococcus sp. strain PCC 7942. The transgenic strain displays circadian rhythms of bioluminescence both in liquid medium and on agar medium (14, 15) . By utilizing this efficient Synechococcus system, we have isolated more than 100 clock mutants that show various abnormalities in their bioluminescence rhythms (16) . Recently, the associated mutations have been localized to circadian clock gene cluster kaiABC by complementation of the mutants with a plasmid library for genomic DNA prepared from wild-type cells (9) .
Previously, the pS1K1 plasmid had been isolated as a gene that appeared to complement the sp22 mutation (16) . We show here that pS1K1 did not carry a true complementing gene but instead carried a suppressor gene for the sp22 mutation, pex, which extended the period of circadian rhythms.
DNA sequencing and sequence analysis. DNA sequencing was carried out with a Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems, Inc., Foster City, Calif.) and a model 373A DNA sequencing system (Applied Biosystems, Inc.). DNA sequences were analyzed by the DNASIS (version 3.5; Hitachi Software Engineering, Yokohama, Japan) and CodonUse programs (version 3.0d12; C. Halling, Department of Molecular Genetics and Cell Biology, University of Chicago).
Sequencing of the pex gene from wild-type cells and SP22 mutant cells. We directly determined the sequence of the pex gene from wild-type cells and SP22 mutant cells after in vitro amplification of the pex gene segment by PCR. Genomic DNA was prepared from Synechococcus cells by the method of Porter (22) . A 987-bp BamHI-SalI segment which carried the pex gene was amplified by PCR, with genomic DNA from wild-type cells and SP22 cells as templates and the following four pairs of primers: AU (5Ј-GAAGTGGAAGACCTTGGTAA T-3Ј; nucleotides Ϫ498 to Ϫ478 of the pex gene; the first nucleotide, A, of the translation initiation codon of the pex gene is numbered ϩ1) and AL (5Ј-CCT AAGTTGATCCCTCACACC-3Ј; Ϫ32 to Ϫ52), BU (5Ј-AATCCCCGCAGAG AATAAAAA-3Ј; Ϫ149 to Ϫ129) and BL (5Ј-CTCAGTGCCGTAGGAGTCTT C-3Ј; ϩ186 to ϩ166), CU (5Ј-CTGCTATGTGTTGGCGGTGC-3Ј; ϩ138 to ϩ157) and CL (5Ј-CATTCTCCAGACTCTGCAGG-3Ј; ϩ554 to ϩ535), and DU (5Ј-GAAGCACGCTGAAAATCTGAC-3Ј; ϩ436 to ϩ456) and DL (5Ј-TA GGTAAACCTGTGGTCCAAC-3Ј; ϩ705 to ϩ685). The four kinds of PCR products amplified from the genomic DNAs prepared from wild-type cells and SP22 cells were cloned into the pGEM-T vector (Promega Co., Madison, Wis.), and their sequences were determined with the T7 and SP6 primers (Promega Co.).
Deletion mapping of the pex gene carried on pS1K1. We constructed a series of deletion derivatives of pS1K1 (16) . pS1K1 carries a 2,095-bp Sau3AI-KpnI genomic DNA insert carrying the pex gene cloned into the BamHI site of a derivative of pBR322 (30) , which carried the 1.4-kb kanamycin resistance gene , chloramphenicol resistance; Km r , kanamycin resistance; Sp r , spectinomycin resistance; P trc , the trc promoter; the first nucleotide (A) of the translation initiation codon ATG of the pex gene is numbered ϩ1. from pACYC177 (4, 27) at the PstI site. pSS, which lacked the 627-bp SalI segment of pS1K1 carrying a 221-bp SalI-KpnI genomic DNA segment, was constructed by digestion of pS1K1 with SalI followed by circularization with T4 DNA ligase (Fig. 1) . pSEII, which lacked the 115-bp Ecl136II-SalI segment of pSS, was constructed by digestion of pSS with Ecl136II and SalI, followed by the filling-in reaction with Klenow enzyme and circularization with T4 DNA ligase. pSBI, which lacked the 1,857-bp BsaBI segment of pSS carrying an 834-bp BsaBI-SalI genomic DNA segment, was constructed by digestion of pSS with BsaBI followed by circularization with T4 DNA ligase. pNS, which lacked the 837-bp ClaI-NcoI segment of pSS carrying a 485-bp ClaI-NcoI genomic DNA segment, was constructed by digestion of pSS with ClaI and NcoI, followed by the filling-in reaction with Klenow enzyme and circularization with T4 DNA ligase. pBS, which lacked the 410-bp NcoI-BamHI segment, was constructed by digestion of pSS with NcoI and BamHI, followed by the filling-in reaction with Klenow enzyme and circularization with T4 DNA ligase. pRV, which lacked the 1,944-bp EcoRV segment carrying a 1,754-bp genomic DNA segment, was constructed by digestion of pS1K1 with EcoRV, followed by circularization with T4 DNA ligase. We transformed SP22 mutant cells with pS1K1 and these deletion derivatives of pS1K1 and used the resulting kanamycin-resistant transformant clones that grew on BG-11 agar plates for an assay of bioluminescence rhythms.
Northern blotting analysis. Cells of wild-type Synechococcus sp. strain PCC 7942 were grown in BG-11 medium and harvested at the mid-logarithmic growth phase by centrifugation at 1,000 ϫ g for 10 min, and then the pellets were immediately frozen in liquid nitrogen. RNA was extracted from each frozen sample as described by Mohamed and Jansson (19) . RNA was subjected to electrophoresis on 1.0% agarose gels containing 1.0% formaldehyde (5 g of total RNA was loaded per lane), blotted onto positively charged nylon membranes (Boehringer GmbH), and hybridized with a 32 P-labeled or digoxigenin (DIG)-labeled pex probe. The entire open reading frame (ORF) of the pex gene was amplified by PCR with two primers used for the construction of an overexpression construct for the pex gene described below (5Ј-CCACATGTCGAGC GGGGTAGC-3Ј and 5Ј-TCGGATCCTCAGCGTGCTTCGACAG-3Ј) and with pS1K1 as a template, labeled with [␣-
32 P]dCTP (3,000 Ci/mmol; Amersham International plc, Little Chalfont, Buckinghamshire, England) by using a Random Primer DNA Labeling Kit (version 2; Takara Shuzo Co.), and used as a 32 P-labeled DNA probe. Hybridization was carried out under standard stringent conditions (28) . To make a DIG-labeled RNA probe, the pex ORF amplified by PCR was subcloned into pGEM-T and then labeled with DIG by a DIG RNA labeling kit (Boehringer GmbH). We used a 600-ng aliquot of the DIG-labeled probe in 2 ml of hybridization buffer for hybridization at 65°C and then detected pex transcripts by chemiluminescence, by using a DIG nucleic acid detection kit (Boehringer GmbH).
Determination of the transcriptional initiation site of the pex gene by the primer extension method. We carried out primer extension experiments by standard procedures (28) with SuperScript II RNaseH Ϫ reverse transcriptase (Gibco BRL, Gaithersburg, Md.) and with oligonucleotide 5Ј-AGCAGCTCAG CCTGTGTCGTCGCAGCATC-3Ј as a primer. This primer corresponded to nucleotides Ϫ59 to Ϫ87 of the pex gene. The 5Ј end of the primer was labeled with [␥-32 P]ATP (Ͼ5,000 Ci/mmol; Amersham International plc) by the T4 polynucleotide kinase reaction (T4 polynucleotide kinase; Promega Co.). Thirty micrograms of Synechococcus total RNA and 4 ng of 32 P-labeled primer (ϳ10 5 cpm) in 30 l of hybridization buffer were denatured by boiling and then incubated overnight without heating to allow annealing. RNA annealed with primer was recovered by ethanol precipitation and dried. The RNA and 5 l (1,000 U) of reverse transcriptase (Gibco BRL) in 50 l of reaction mixture for reverse transcriptase were incubated at 37°C for 2 h for the primer extension reaction. The reaction product was recovered by ethanol precipitation and applied to sequencing gels. To make sequencing ladders by which the position of the reverse transcription product in the gel was determined, we also carried out a sequencing reaction with an fmol DNA sequencing kit (Promega Co.) by using pS1K1 and the 32 P-labeled primer as the template and primer, respectively. The sequencing gels were dried and then analyzed by a Bio-Image Analyzer BAS2000 (Fuji Film Co., Kanagawa, Japan).
Deletion mapping analysis of the promoter region of the pex gene. From a 1.0-kb BamHI segment which carried the pex gene, we constructed a series of deletion derivatives carrying upstream regions of various lengths ( Fig. 3A and Table 1 ). To construct the deletion derivatives, appropriate segments were amplified by PCR with the following oligonucleotides: upper primers, 5Ј-GGCAA AGGGGATCCCGGTGG-3Ј (nucleotides Ϫ363 to Ϫ358 of the pex gene; a BamHI restriction site harbored by the oligonucleotide is underlined), 5Ј-GTG TTCGGATCCTGTGTG-3Ј (Ϫ225 to Ϫ217), and 5Ј-CTGGATCCGGTAATC CCTGTCTGTAACC-3Ј (Ϫ113 to Ϫ94); lower primer, 5Ј-TAGGTAAACCTG TGGTCCAAC-3Ј (ϩ685 to ϩ705), which corresponded to a sequence between the BamHI and KpnI sites located in the downstream region of the pex gene (Fig.  1) . The PCR products were digested with BamHI and cloned into the unique BamHI site of pTS2KC by which the insert portions could be targeted to a specific targeting site (a unique BstEII site of the Synechococcus genomic DNA sequence NSII [8] [accession no. in the GenBank/EMBL/DDBJ database, U44761]; TS2; insertion of a DNA segment into TS2 does not affect the growth of Synechococcus cells) in the genome. The original BamHI fragment was also cloned into pTS2KC as a control (pPEX-474). We transformed SP22 mutant cells with these plasmids to target the insert DNAs to TS2 in the genome. In more than 90% of the transformants obtained with our TS2-targeting vectors, targeting of genomic DNA segments as large as 6 kb to TS2 occurs as expected (10a). We confirmed by this Southern blotting analysis and PCR. A DNA segment flanked with NSII was amplified by PCR from the genomic DNA prepared from each transformant and plasmid DNA used for transformation to obtain the transformant by using TS2 upper (5Ј-CTCGATGGCATTCAGCA-3Ј; nucleotides 2462 to 2478 of NSII) and lower (5Ј-CTGCTTGGAACTGCACA-3Ј; nucleotides 2304 to 2320 of NSII) primers and was subjected to electrophoresis on 0.8% agarose gels. The genomic DNA from SP22 cells was analyzed similarly. Bands of the same expected sizes (the sizes of the bands in the transformants obtained by transformation with pPEX-474, pPEX-363, pPEX-225, and pPEX-113 were 3.3, 3.2, 3.1, and 3.0 kb, respectively) were found in each pair of samples, and a 0.18-kb band that resulted from the original TS2 and that was observed in SP22 cells was not detected in the transformants (data not shown). These results suggested that targeting occurred as expected and eliminated the possibility that integration at the pex region via a single homologous recombination might have occurred in the transformants. The genomic and plasmid DNAs were digested with HindIII, subjected to electrophoresis on 0.8% agarose gels, and examined by Southern blotting analysis using a DIG-labeled 1.6-kb DraI-BsaBI ori segment of pBR322 as a hybridization probe. The vector portions (the pBR322 ori segment), which should not be targeted to TS2 or other sites in the genome, were not detected in the transformant genome, whereas expected bands (the sizes of the bands in transformants obtained by transformation with pPEX-474, pPEX-363, pPEX-225, and pPEX-113 were 6.5, 6.4, 6.2, and 6.1 kb, respectively) were detected in the plasmids, also eliminating the possibility of integration of the plasmids into the genome (data not shown). Transformant clones were grown on BG-11 agar plates and used for an assay of bioluminescence rhythms.
Monitoring of the expression of the pex gene by a luciferase reporter as bioluminescence. To monitor the expression of the pex gene by using luciferase bioluminescence as a reporter, we constructed pex reporter construct P pex ::luxAB. An 872-bp BamHI-Ecl136II segment carrying the upstream region and 5Ј coding region (nucleotides Ϫ474 to ϩ398) of the pex gene was inserted upstream of the coding region of the luciferase luxAB gene set from Vibrio harveyi (1) in targeting vector pTS2Slux to obtain pTS2P pex ::lux. pTS2Slux carried Synechococcus genomic DNA segment NS2 containing TS2 into which the ⍀ fragment carrying a spectinomycin resistance gene (23), a multicloning site, and the luxAB gene set were inserted. We transformed wild-type cells of Synechococcus sp. strain PCC 7942 with pTS2P pex ::lux to target the reporter construct to TS2 in the genome. Transformant clones (PREII strain) were selected with spectinomycin and grown under LL on BG-11 agar plates until the transformant clones developed colonies 2 mm in diameter. Then, the cells were subjected to a 12-h dark period to synchronize their circadian clocks and were used for the assay of bioluminescence.
Detection of pex gene product by the epitope tag fusion method by using a c-Myc epitope tag. To detect the pex gene product by the epitope tag fusion method using a c-Myc epitope tag (20) , we overexpressed a pex-c-myc tag fusion gene in Synechococcus cells by using the P trc -IPTG (isopropyl-␤-D-thiogalactopyranoside) induction system for Synechococcus cells (6) . We first amplified by PCR a DNA segment which carried a genomic DNA segment comprising nucleotides Ϫ363 to ϩ444 of the pex gene with upper primer 5Ј-GGCAAAGGG GATCCCGGTGG-3Ј (Ϫ363 to Ϫ358; a BamHI site is underlined) and lower primer 5Ј-TCGGATCCTCAGTTCAGATCTTCTTCGCTGATCAGCTTTTGTT CGCGTGCTTCGACAGGGATC-3Ј (ϩ444 to ϩ426; a BamHI site is underlined and the nucleotide sequence for the human c-Myc peptide tag, EQKLI SEEDLN, is in boldface). The PCR product, which contained the upstream region and ORF of the pex gene, was digested with BamHI and inserted into the unique BamHI site downstream of the trc promoter of targeting vector pTS2KCP trc to obtain pTS2Cpex/myc. We transformed SP22 cells with the resulting plasmid to target the pex-c-myc tag fusion gene together with the lacI q gene to the TS2 in the genome. We also constructed a control plasmid without a c-Myc epitope tag, pTS2Cpex. A DNA segment carrying the pex gene was amplified by PCR with primers 5Ј-GGCAAAGGGGATCCCGGTGG-3Ј (Ϫ363 to Ϫ358; a BamHI site is underlined) and 5Ј-TCGGATCCTCAGCGTGCTTC GACAG-3Ј (ϩ447 to ϩ431), digested with BamHI, and inserted into the unique BamHI site of pTS2KCP trc . Then, we transformed SP22 cells with control plasmid pTS2Cpex. Kanamycin-resistant transformant cells were grown in BG-11 liquid medium in the presence of 1 mM IPTG to induce the expression of the pex-c-myc tag fusion gene. Cells were collected from 100 ml of culture (optical density at 730 nm, 0.5) by centrifugation, and about 100 l of the pellet was resuspended in 250 l of 2ϫ sodium dodecyl sulfate (SDS) gel loading buffer without bromophenol blue (100 mM Tris-Cl [pH 6.8], 200 mM dithiothreitol, 4% SDS, 20% glycerol) (28) , and the cell suspension was mixed with 750 l of zirconium beads 0.1 mm in diameter (Biospec Products, Bartlesville, Okla.) and vortexed for 2 to 10 s. The mixture was frozen in liquid nitrogen and warmed at 37°C for 2 min to allow a partial melting. To disrupt the cells, the mixture was agitated for 30 s at the maximum speed by a Mini Bead-Beater (Biospec Products). After the mixture was refrozen in liquid nitrogen, this agitation was repeated. Supernatant (cell extracts) was obtained by centrifugation at 2,500 ϫ g for 10 min at 4°C. Ten-microliter aliquots of cell extracts containing 10 g of total protein were mixed with equal volumes of 0.4% bromophenol blue, boiled for 10 min, and then subjected to electrophoresis on 15% polyacrylamide gels Disruption of the pex gene. We disrupted the pex gene by insertion of the ⍀ fragment (23) carrying a spectinomycin resistance gene, by using plasmid pIpex. pIpex carried a 3.0-kb BamHI fragment carrying the pex gene which had been inactivated by the insertion of the ⍀ fragment. A 1.0-kb BamHI fragment of pS1K1 carrying the whole pex gene was circularized with T4 DNA ligase (New England Biolabs, Inc.) and used as a template for PCR with mutagenic primers 5Ј-GGAATTCTACGGCACTGAGCTGATCC-3Ј (ϩ175 to ϩ193; an EcoRI site is underlined) and 5Ј-GGAATTCGGAGTCTTCGTGCCGAAGC-3Ј (ϩ174 to ϩ156) to obtain a 1.0-kb PCR product carrying EcoRI sites at both ends. This product was digested with EcoRI, circularized with T4 DNA ligase, and then digested with BamHI to obtain a modified 1.0-kb BamHI fragment carrying an EcoRI site between the 58th and 59th codons of the pex gene. The 1.0-kb modified BamHI fragment was cloned into the unique BamHI site of pACYC177 (4, 27) to obtain pPEX-E. A 2.1-kb EcoRI ⍀ fragment of pBRR322⍀E (22) carrying a spectinomycin resistance gene was inserted into the unique EcoRI site of pPEX-E to obtain pIpex.
We also constructed pDpex, which could replace most of the pex ORF in the genome with the ⍀ fragment by transformation of cells. A DNA segment from Ϫ499 to ϩ705 of the pex gene was amplified by PCR with the pS1K1 template and primers 5Ј-GAAGTGGAAGACCTTGGTAAT-3Ј (Ϫ499 and Ϫ479) and 5Ј-TAGGTAAACCTGTGGTCCAAC-3Ј (ϩ705 to ϩ685) and cloned into pGEM-T to obtain pGEMpex. A DNA segment from Ϫ499 to Ϫ1 of the pex gene was also amplified, with primers 5Ј-GAAGTGGAAGACCTTGGTAAT-3Ј (Ϫ499 and Ϫ479) and 5Ј-TAGGCCTTTCGCCAACGCATGAG-3Ј (Ϫ1 to Ϫ16; a StuI site is underlined). The 506-bp PCR product was digested with NheI and StuI. The resulting 302-bp NheI-StuI fragment and a 2.0-kb SmaI ⍀ fragment of pBR322⍀E carrying a spectinomycin resistance gene were inserted into pGEMpex digested with NheI and EcoRV to replace a 690-bp NheI-EcoRV fragment encoding the pex gene carried on pGEMpex; thus was obtained pDpex.
We transformed CR1 cells, a psbAI reporter strain of Synechococcus carrying the chloramphenicol resistance gene from pACYC184 (4, 26) as a selective marker gene, with pIpex and pDpex and isolated spectinomycin-resistant transformant clones. We performed Southern blotting analysis of the genomic DNA prepared from the transformant cells with a DIG-labeled pex probe and confirmed that the pex genes of the transformant cells had been inactivated by the insertion of the ⍀ fragment or replaced with the ⍀ fragment as expected (data not shown). The transformants were grown on BG-11 agar plates and used for the assay of bioluminescence rhythms.
Overexpression of the pex gene. We first constructed an overexpression construct for the pex gene. A modified pex gene was synthesized by PCR with upper primer 5Ј-CCACATGTCGAGCGGGGTAGC-3Ј (ϩ1 to ϩ17; an AflIII site is underlined, and the translation initiation codon ATG of the pex gene is in boldface) and lower primer 5Ј-TCGGATCCTCAGCGTGCTTCGACAG-3Ј (ϩ447 to ϩ431; a BamHI site is underlined). After digestion with AflIII and BamHI, the PCR product was ligated with p322P trc digested with NcoI and BamHI to obtain p322P trc ::pex. A 2.6-kb BglII fragment carrying a lacI q -P trc ::pex segment was cloned into the unique BamHI site of the pTS2KC targeting vector to obtain pTS2CP trc ::pex. We transformed AMC149 and clock mutants SP22, P30, P331, and LP40 with pTS2CP trc ::pex to target the lacI q -P trc ::pex segment to TS2 in the genome. We also transformed AMC149 and SP22 with a control vector without a pex insert (pTS2KCP trc ) to construct control strains. The resulting transformants were named AMC149/P trc ::pex, SP22/P trc ::pex, P30/P trc ::pex, P331/P trc ::pex, and LP40/P trc ::pex, whereas control strains were named AMC149/ P trc and SP22/P trc . The transformants were inoculated on BG-11 agar plates with and without IPTG, were grown under standard conditions for 2 days, and were then used for an assay of bioluminescence rhythms.
Assay of bioluminescence rhythms. Cells of transgenic bioluminescent strains were spotted on BG-11 agar plates and then grown to dots 2 mm in diameter under standard conditions (LL, 46 mol m Ϫ2 s Ϫ1 from white fluorescent lamps, at 30°C). The cells were further cultured under standard light conditions for 2 or 3 days and then maintained for 12 h in the dark at 30°C to synchronize their circadian clocks. A small dish (8 mm in diameter) that contained 0.3 ml of n-decanal (Sigma Chemical Co., St. Louis, Mo.) dissolved in vacuum pump oil at a concentration of 3% (vol/vol) was placed within each plate. We monitored bioluminescence rhythms of cells on agar plates under standard conditions (under LL at 30°C) with a bioluminescence-monitoring charge-coupled device camera apparatus as described previously (15) .
Nucleotide sequence accession number. The nucleotide sequence of the pex gene has been deposited in the GenBank/EMBL/DDBJ database and has been given accession no. AB009574.
RESULTS AND DISCUSSION
Identification of the pex gene as a suppressor gene for circadian clock mutation sp22. Previously, we isolated the pS1K1 plasmid as carrying a candidate gene for complementing the sp22 mutation (16) . pS1K1 came from a plasmid library for genomic DNA of wild-type cells of Synechococcus, and it carried a 2,095-bp DNA segment. To find the sp22-complementing gene which was carried on pS1K1, we constructed a series of deletion derivatives of pS1K1, introduced the derivatives into SP22 mutant cells, and assayed their complementing activity by monitoring the bioluminescence rhythms of the transformant clones. Figure 1 shows the effects of deletions on the apparent complementing activity of pS1K1. pS1K1 extended the period of SP22 mutant cells from 22 to 24 h (Fig. 1B) . Deletion derivatives pSS, pNS, and pBS carried the activity, while de- rivatives pSEII, pSBI, and pRV lost the activity. This indicates that the 987-bp BamHI-SalI segment carried the activity. Thus, we expected that this segment would carry the sp22 mutation.
We determined the nucleotide sequence of the genomic DNA insert carried on pS1K1 (Fig. 2) . To find the putative sp22 mutation in the 987-bp BamHI-SalI segment in the SP22 genome, we also directly determined the nucleotide sequence of this segment from both wild-type cells and SP22 cells after amplification of the segment by PCR. However, we could not find any differences in nucleotide sequence between wild-type cells and SP22 cells. This result indicates that pS1K1 did not carry a true complementing gene for the sp22 mutation but instead carried a suppressor gene for the sp22 mutation that affects the circadian period by a gene dosage effect. Consistent with this hypothesis, we recently cloned circadian clock gene cluster kaiABC from Synechococcus sp. strain PCC 7942; this cluster is essential for the clock functions. This goal was accomplished by complementation of different clock mutants, and we identified the sp22 mutation as a missense mutation on the kaiC gene (an amino acid change of Ala-87 to Val resulted from a nucleotide change of C-260 to T; the first A nucleotide of translation initiation codon ATG of the kaiC gene is numbered ϩ1) (9). We also found that a plasmid carrying clock gene cluster kaiABC complemented mutant SP22 (9) . Gene cluster kaiABC and pS1K1 do not overlap, so these data indicated that pS1K1 did not carry a true complementing gene but instead carried a suppressor gene for the sp22 mutation.
To find the protein coding region of the sp22 suppressor gene, we analyzed the sequence of the genomic DNA insert carried on pS1K1 with the CodonUse program and found a 447-bp ORF whose codons were frequently used in Synechococcus (Fig. 2) . This ORF is located upstream of the 12rnp1 and trnV (UAC) genes (29) . We named this ORF a periodextender (pex) gene. pex encoded a 148-amino-acid protein with a molecular mass of 17 kDa. We could not find any functional motifs in the Pex protein and also could not find significant homologs by a search of DNA and protein databases including a search of the whole-genome sequence of the cyanobacterium Synechocystis sp. strain PCC 6803 (12) . Southern blotting analysis of the genomic DNA with a 32 P-labeled pex ORF probe demonstrated that the Synechococcus cells are likely to have a single copy of the pex gene (data not shown). Identification of pex transcripts by Northern blotting analysis. We analyzed pex transcripts by Northern blotting analysis using an RNA probe specific for the pex ORF and detected a 0.6-kb transcript (Fig. 3) . This result suggests that the 447-bp pex ORF was transcribed as a 0.6-kb RNA. A 0.3-kb minor transcript was also detected. This might be a degradation product of the 0.6-kb transcript or another transcript which was initiated from inside the pex ORF. A 1.5-kb band is likely to be a degradation product of rRNA which hybridized nonspecifically with the RNA probe because the band apparently corresponded to the degradation product and because such a band was often observed with various RNA probes specific to other genes. With a DNA probe, the 0.6-and 0.3-kb bands were also detected, but the 1.5-kb band was not detected (data not shown).
Analysis of the promoter region of the pex gene by primer extension and deletion mapping. We determined the transcriptional start site of the pex gene by the primer extension method (28) and found two transcriptional start sites at positions 164 (tss2) and 129 bp (tss1) upstream from the translation initiation codon (the first A nucleotide of the translation initiation codon of the pex gene is numbered ϩ1) (Fig. 4A) . Because an inverted repeat sequence (nucleotides ϩ454 to ϩ474 of the pex gene) that might function as a possible transcription terminator was found downstream of the pex ORF (Fig. 2) , the pex gene appears to be transcribed from Ϫ164 and Ϫ129 to around the inverted repeat sequence as 0.6-kb transcripts.
To analyze the promoter region of the pex gene by deletion mapping, we first determined whether the 1.0-kb BamHI segment carrying the pex gene could suppress the sp22 mutation even if this segment was targeted to a specific genomic targeting site (TS2) of SP22 mutant cells. The BamHI segment targeted to TS2 by pPEX-474 also suppressed the sp22 mutation (Fig. 4B) . This indicates that the 1.0-kb BamHI segment carried a functional pex gene.
To determine the promoter region of the pex gene, we constructed a series of deletion derivatives of pPEX-474, which carried the upstream region of various lengths of the pex gene, targeted the derivatives to the TS2 of SP22 cells (Fig. 4B) , and determined the suppression activity of the derivatives. Dele- 
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A PERIOD-EXTENDER GENE OF SYNECHOCOCCUS 2171 tion derivative pPEX-363 carried the suppression activity, while derivatives pPEX-225 and pPEX-113 lost the activity. This indicates that nucleotides Ϫ363 to Ϫ129 (tss1) of the pex gene carry the pex promoters. No typical Ϫ10 or Ϫ35 bacterial promoter sequences were found. Expression of the pex gene monitored by a luciferase reporter as bioluminescence. We monitored the expression of the pex gene by using a bacterial luciferase luxAB gene set as a reporter gene. We fused an 872-bp BamHI-Ecl136II segment which carried the upstream region of the pex gene and the 5Ј region of the pex ORF (nucleotides Ϫ474 to ϩ398) with a promoterless segment of the luxAB gene set derived from V. harveyi (1), targeted the resulting P pex ::luxAB construct to TS2 of wild-type cells, and monitored the bioluminescence of the transformed cells. As shown in Fig. 5 , the expression of the pex gene monitored as bioluminescence showed rhythms with a period of 24 h. Thus, the pex gene also showed circadian expression, as do many genes in Synechococcus (17) . The phase of the rhythms observed in the pex reporter strain was similar to that of the rhythms observed in the psbAI reporter strains.
The level of bioluminescence of the pex reporter strain was approximately one-fifth to one-third that of the psbAI reporter strains.
Identification of pex gene product. We examined the pex gene product by the epitope tag fusion method with a c-Myc epitope tag. To produce a Pex protein with a c-Myc epitope tag in Synechococcus, we constructed a pex-c-myc tag fusion gene which encoded a Pex protein fusion with a c-Myc epitope tag at the C terminus and which was inducible with IPTG. This construct was targeted to the TS2 of SP22 mutant cells. We also targeted a control construct without a c-Myc tag (lacI q -P trc :: pex) to TS2. We induced the overexpression of the pex-c-myc tag fusion gene by the addition of 1 mM IPTG, prepared cell extracts from the transformant cells, and detected Pex protein in the extracts by Western blotting analysis with an antibody against the c-Myc epitope tag.
We detected two bands of c-Myc epitope-tagged products around a 14-kDa marker (Fig. 6, lane 2) , while no bands were detected when cell extracts were prepared from cells carrying the control construct without a c-Myc epitope tag (lane 1). The smaller 14-kDa protein might be a degraded or processed product of the 15-kDa protein. The size of the tagged protein detected (15 kDa) was slightly smaller than its expected size (18 kDa). This discrepancy could be due to anomalous migration of this protein on SDS-polyacrylamide gels. Another possibility is that the N terminus of the Pex protein might be processed after its translation. It is also possible that the translation of pex mRNA might start from potential translation initiation codons (ATG or GTG) found within the pex ORF. Whichever is the explanation for the slight discrepancy between predicted and observed molecular masses, we conclude that the pex transcript was translated into the Pex protein.
Effects of the disruption of the pex gene on bioluminescence rhythms. To examine the function of the pex gene in the circadian clock, we inactivated the pex gene by insertion of the ⍀ fragment (23) carrying a spectinomycin resistance gene into the pex ORF and monitored the bioluminescence rhythms of the pex-inactivated cells (Fig. 7A) . The pex-inactivated cells   FIG. 4 . Analysis of the promoter region of the pex gene by the primer extension and deletion mapping methods. (A) Determination of the transcription start site by the primer extension method. Total RNA was hybridized to a primer whose 5Ј end was labeled with 32 P and reverse transcribed with reverse transcriptase, and the product was analyzed on a sequencing gel (lane P). A sequencing ladder (lanes G, A, T, and C) was obtained by a sequencing reaction in which the same primer was used as a sequencing primer. The arrows indicate the transcription start sites detected (the sites are also shown on the nucleotide sequence of the pex gene [ Fig. 2] ). (B) Deletion mapping of the promoter region. A series of deletion fragments carrying the upstream region of various lengths from the 1.0-kb BamHI segment of pS1K1 were amplified by PCR and cloned into targeting vector pTS2KC to target the insert DNAs to the TS2 of SP22 mutant cells by transformation of the cells with the resulting plasmid. Transformant clones were grown on BG-11 agar plates and used for the assay of bioluminescence rhythms. Other conditions were the same as those described in the legend for Fig. 1 . The plasmids carry the genomic DNA segments indicated by the bars. The first nucleotide of translation initiation codon ATG of the pex gene is numbered ϩ1. The arrow shows the pex ORF. ϩ and Ϫ, presence and absence of suppressor activity for the sp22 mutation, respectively. FIG. 5. Bioluminescence rhythms of pex gene expression monitored by a luciferase reporter. Cells of pex reporter strain PREII were grown on BG-11 agar plates as colonies under LL, were subjected to a 12-h dark period to synchronize the circadian clocks, and then had their bioluminescence monitored under LL. Other conditions were the same as those described in the legend for Fig. 1 . grew as well as did wild-type cells and developed normal colonies, suggesting that the Pex protein is not likely to be fundamental to the metabolism of Synechococcus. The period of pex-inactivated cells was slightly shorter than that of wild-type cells: the means of the periods of pex-inactivated and wild-type cells Ϯ standard deviations were 23.9 Ϯ 0.1 (n ϭ 895) and 24.8 Ϯ 0.1 (n ϭ 347) h, respectively (Fig. 7B) . On the other hand, the amplitudes and waveforms of the rhythms were not much affected by the inactivation of the pex gene (Fig. 7A) .
To exclude the possibility that a partially active truncated protein might be synthesized in the pex-inactivated cells, we also replaced the whole pex ORF with the ⍀ fragment and carried out similar experiments. We obtained essentially the same results. Thus, disruption of the pex gene shortened the period of rhythms by about 0.9 h.
Disruption of the pex gene in pPEX-474 by insertion of the ⍀ fragment eliminated its sp22 suppressor activity (data not shown).
Effects of overexpression of the pex gene on the rhythms. To confirm the period extension by the Pex protein, we overexpressed the pex gene in wild-type cells and SP22 mutant cells by induction with IPTG and monitored the bioluminescence rhythms.
We found that the periods of the rhythms were extended with IPTG in both wild-type cells and SP22 cells, while IPTG did not affect the rhythms in either type of control cells which carried a control vector without a pex insert (Fig. 8A) (Fig. 8B ). Higher doses of IPTG (0.03 to 1 mM) decreased the amplitude of rhythms. In SP22 cells, 1 mM IPTG caused arrhythmicity.
We examined the effects of pex overexpression on the rhythms of mutants with various periods (period mutants) and also observed decreases in amplitude in conjunction with lengthening periods due to the overexpression of the pex gene induced with 1 mM IPTG in the period mutants P30, P331, and LP40 (Fig. 8C) . Thus, we conclude that Pex protein extended the period of the circadian clock in multiple genetic backgrounds. FIG. 7 . Effects of the inactivation of the pex gene on bioluminescence rhythms. The pex gene of CR1 cells was inactivated by insertion of the ⍀ fragment. Other conditions were the same as those described in the legend for 
A PERIOD-EXTENDER GENE OF SYNECHOCOCCUS 2173
In summary, we have identified what initially appeared to be a complementing gene for the sp22 mutation (16) to be a suppressor that acts as a period-extender gene (pex) that lengthens the period of the circadian clock in Synechococcus sp. strain PCC 7942. The apparent complementation of the sp22 mutation by transformation of SP22 mutant cells with the pS1K1 plasmid was caused by the duplication of the pex gene in the transformant genome. The pex gene is not essential for growth because disruption of the pex gene did not affect growth. The pex gene also does not have a crucial function in the generation of the circadian oscillation per se because the amplitude and shape of rhythms were little affected by the disruption of the pex gene (Fig. 7A) . At present, we do not know the molecular mechanism for the period extension by the Pex protein because its sequence is not similar to those of any other known proteins. In preliminary experiments, we examined the effects of the disruption of the pex gene on the expression of circadian clock gene cluster kaiABC, which is essential for the clock function (10) and found that the expression of the kaiA gene was greatly enhanced by the pex disruption (16a). This result suggests that the Pex protein represses the expression of the kaiA gene. Pex may be a modifier of the circadian clock, while at the same time its expression is controlled by the circadian clock and therefore by clock gene cluster kaiABC (Fig. 5) . We also examined possible interactions among the Pex and Kai proteins (KaiA, KaiB, and KaiC proteins) in vitro by using an in vitro transcription-translation system (16a) but could not discover any significant interactions. No pex homolog was found in the whole genome of the cyanobacterium Synechocystis sp. strain PCC 6803. At present, it is uncertain whether other cyanobacteria except for Synechocystis carry the pex gene.
